Introduction. Approximately 23% of melanoma patients will eventually develop pulmonary metastases and have a median survival of only about 7-11 months. Because pulmonary metastasectomy can improve this statistic, we investigated clinicopathologic features and biological correlates that might be used to identify surgical candidates. Methods. Archived operative specimens and clinical records were retrieved for 20 melanoma patients who underwent resection of isolated pulmonary metastases at the John Wayne Cancer Institute, Saint John's Health Center. Five-year postmetastasectomy survival (PMS) rate was correlated with age, number of pulmonary metastases, tumor doubling time (TDT), tumor necrosis, and immunohistochemical expressions of four biological markers: Ki-67, glucose transporter-1 (Glut-1), caspase-3, and CD31. Results. Median TDT was 61 days. On multivariate analysis, TDT (P = 0.008), Glut-1 intensity (P = 0.04), and CD31 expression (P = 0.004) were the significant predictors of PMS. Age, number of pulmonary metastases, tumor necrosis, and expression of Ki-67 or caspase-3 did not significantly impact survival. Median TDT was 56 days with Glut-1 expression versus 165 days without Glut-1 expression (P = 0.002), and Glut-1 staining intensity independently affected TDT (P = 0.012). Conclusions. Surgical resection may be preferable to toxic systemic therapies in melanoma patients whose isolated pulmonary metastases have a long TDT (C61 days) and no biopsy evidence of Glut-1 expression.
Both incidence and mortality of melanoma continue to rise rapidly in the USA. In 1997, the projected annual incidence and mortality from melanoma were 40,300 and 7,300, respectively. 1 By 2008, these numbers had jumped to 62,480 and 8,420, respectively. 2 Although early-stage melanoma can be cured by surgery alone, there is no effective treatment for metastatic melanoma. Despite anecdotal reports of success, adjuvant treatments such as chemotherapy or radiation therapy have not been significantly effective for advanced disease. Recent advances in immunotherapies, such as interferon-alfa (IFNa-2b) and interleukin-2 (IL-2), have shown some encouraging results in small cohorts of patients, resulting in approval of these agents by the US Food and Drug Administration. 3, 4 However, despite such advances and numerous other clinical trials, the prognosis for advanced-stage melanoma patients remains poor. The presence of distant metastasis marks the beginning of stage IV melanoma, resulting in median survival of 6-8 months. [5] [6] [7] [8] Although 5-year overall survival (OS) rate for stage IV melanoma patients is approximately 5-8%, evidence suggests that successful surgical excision of isolated metastatic lesions is associated with higher 5-year OS. [6] [7] [8] [9] [10] [11] Data from a multicenter phase III trial of postoperative adjuvant immunotherapy for patients with stage IV melanoma demonstrated 5-year survival rates of approximately 40-45% after complete resection. 12 Given the lack of uniformly effective systemic therapy for stage IV melanoma, many have advocated surgery for selected patients who can undergo complete, potentially curative resection. [8] [9] [10] [11] [12] [13] The lung is one of the most common sites of initial recurrence, accounting for approximately 36-42% of initial metastases. 9, 14 Approximately 23% of all melanoma patients will eventually develop pulmonary metastasis. 8 While median survival is reportedly about 7-11 months after detection of pulmonary metastasis, significant improvement in survival has been noted after successful pulmonary metastasectomy. [8] [9] [10] 15, 16 For stage IV melanoma, surgery with palliative intent has relatively clear indications, however indications for surgery in asymptomatic patients remain uncertain. Studies have identified several factors that are associated with improved prognosis after surgical resection. Investigators noted that the lung is a relatively favorable low-risk site of metastasis, and that number of metastatic lesions and organ sites, and diseasefree interval are significant prognostic factors after surgical resection. 8, 9, 11, 15, 17 Petersen et al. also showed that complete pulmonary metastasectomy is an independent prognostic factor, with hazard ratio (HR) of 0.5. 8 These findings suggest that the biology of metastatic disease, such as tumor growth rate, may be the underlying factor in determining prognosis, and that resection of biologically favorable disease may improve survival. Indeed, Ollila et al. proposed a tumor doubling time (TDT) of 60 days as a cutoff point for pulmonary metastasectomy. 16 There has been an increasing emphasis on developing in vitro and in vivo molecular markers to identify patients with prognostically favorable metastatic disease, who could benefit from more aggressive surgical interventions. The primary goal of this study was to identify some of the biological factors of metastatic disease that can be used to determine which melanoma patients with pulmonary metastasis could benefit from surgical resection. We also evaluated tumor proliferative and glycolytic activities, apoptosis, microvessel density (MVD), and TDT as they relate to each other, and correlated these factors with survival.
PATIENTS AND METHODS

Patient Population, Clinicopathologic Features, and Molecular Profiling
The John Wayne Cancer Institute (JWCI) database was queried to identify patients with stage IV melanoma confined to the lung. Resected metastatic lesions from 20 of these patients (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) were retrieved from archival storage. TDT of the pulmonary lesions was calculated from chest X-rays, as described elsewhere. 18 Five-year postmetastasectomy survival (PMS) was measured and correlated with clinicopathologic features (age, number of metastases, and TDT) and with the following biological correlates: immunohistochemical (IHC) detection of Ki-67 (proliferative activity), Glut-1 (glycolytic activity), caspase-3 (apoptotic activity), and/or CD31 (MVD) in pulmonary metastases, and hematoxylin and eosin (H&E) assessment of tumor necrosis. Use of specimens and clinical data in this study was approved by the institutional review board.
Immunohistochemical Techniques
IHC detection of Glut-1, caspase-3, Ki-67, and microvessel counts was performed by using DakoCytomation and Ventana (Benchmark) Auto-stainers. IHC was performed on 4-lm-thick sections cut from formalin-fixed, paraffin-embedded tissue blocks. Sections were mounted on slides, deparaffinized in xylene, and washed in graded ethanols. Antigen retrieval included 20 min of boiling in a citrate buffer (pH 6.0) for Ki-67, a Borg solution for caspase-3, and ethylenediamine tetraacetic acid (EDTA) buffer for CD31 and Glut-1. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide for 5 min followed by rinsing in phosphate buffered saline (PBS) buffer. Nonspecific staining was blocked by incubation with normal goat serum for 5 min. Primary antibody incubation was performed using a prediluted monoclonal CD31 antibody (clone 1A10; Ventana, Tucson, AZ), Ki-67 antibody (clone Mib1; DakoCytomation, Carpinteria, CA) at 1/50 dilution, a polyclonal Glut-1 antibody (Lab Vision, Fremont, CA) at 1/50 dilution, and a pre-diluted polyclonal caspase-3 antibody (BioCare, Walnut Creek, CA). CD31 and Glut-1 sections were then incubated sequentially with iView-HRP (avidin-streptavidin complex) and iView-ALK detection systems (Ventana, Tucson, AZ) for 16 min. Mouse EnVision ? System-HRP (labeled polymer) and Rabbit EnVision ? System-AP (DakoCytomation, Carpinteria, CA) were used as a detection system for Ki-67 and caspase-3 stains, sequentially. Between incubations, the slides were rinsed with Trisbuffered saline (TBS) buffer. 3,3 0 -Diaminobenzidine (DAB)or Vulcan Red was used as a chromogen, and slides were counterstained with hematoxylin. Positive and negative controls were run in parallel with each series of slides to ensure appropriate staining. The negative control consisted of nonimmune mouse immunoglobulin G (IgG) substituted for the primary antibody (Table 1) .
Staining Assessment
Light microscopy was used to identify three regions within or immediately adjacent to the tumor that contained the greatest MVD (''hotspots''). Microvessel counts were then performed using a 200X field within the designated hotspot. Of the three areas with the highest number of discrete microvessels, the area of greatest counts was chosen for scoring. Any immunoreactive endothelial cell that was separate from adjacent microvessels was considered a countable vessel. Glut-1 expression was reported by staining intensity as follows: 0, cytoplasmic staining not detectable; 1?, cytoplasmic staining translucent; 2?, cytoplasmic staining opaque; and 3?, cytoplasmic staining solid. Ki-67 and caspase-3 staining results were scored as a percentage of proliferating and apoptotic tumor cells, respectively. Necrosis was estimated as a percentage of necrotic tumor area.
Statistical Analyses
Univariate analyses were done by using Spearman's rank correlation for ordered categorical variables, and Wilcoxon rank-sum test for comparing continuous variables. Univariate and multivariate analyses of linear regression and logistic regression were performed to identify the biological factors that affect TDT. Univariate and multivariate survival analyses were done by using Cox proportional hazard regression models. Statistical analyses were performed by using SAS 8.2 (Cary, NC).
RESULTS
Of the 20 tissues analyzed, 15 were from males and 5 were from females. The median age of the patients was 58.5 years (range, 36-75 years). Median number of pulmonary lesions was 1 (range, 1-6; mean, 2.0 ± 1.7). Median TDT was 61 days (range, 21-287 days). The follow-up period from original diagnosis ranged from 6 months to 26 years. By univariate Cox regression analysis using the median values, among the three clinicopathologic features (age, number of metastases, and TDT), only TDT was significantly associated with differential survival (P = 0.008). Using the median TDT value as the cutoff point (\61 days versus C 61 days), TDT C 61 days was significantly associated with better 5-year PMS [hazard ratio (HR), 0.36; 95% confidence interval (CI), 0.08-0.78; P = 0.017; Fig. 1 ]. Median PMS time was 8.7 months for TDT \ 61 days versus 20.9 months for TDT C 61 days. Median disease-free survival (DFS) times for the two groups were 5 and 6.5 months, respectively (P = 0.19). Among the biological correlates (Ki-67, Glut-1, caspase-3, CD31, and necrosis), expressions of Glut-1 and CD31 significantly correlated with differential survival.
Multivariate survival analysis used median values of four covariates: TDT, Glut-1 staining intensity, CD31 expression, and percent necrosis. Stepwise procedures of multivariate Cox regression analysis including interaction terms were performed to select the best model. The results show that TDT, Glut-1 intensity, and CD31 expression were the best predictors of 5-year PMS (Table 2 ). Other studies have also shown that TDT is an important factor in determining prognosis. 16, 17, 19 Given that TDT is a clinicopathologic feature that may depend on the biology of the 
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FIG. 1 Impact of tumor doubling time (TDT) on 5-year postmetastasectomy survival (PMS).
Using the median TDT value as the cutoff point (\61 days versus C61 days), TDT C61 days was significantly associated with better 5-year PMS (HR = 0.36; 95% CI = 0.08-0.78; P = 0.017). Median PMS was 8.7 months for TDT \61 days, versus 20.9 months for TDT C61 days disease, we examined the relationship between Glut-1 staining intensity and TDT. Glut-1 staining intensity correlated inversely with TDT (correlation coefficient, r = -0.54; P = 0.012). Additionally, multivariate analysis showed that Glut-1 staining intensity independently affected TDT (P = 0.001). Because Glut-1 expression was associated significantly with longer TDT (median 56 versus 165 days; P = 0.002), we examined PMS in the absence of Glut-1 expression. For qualitative analysis of Glut-1, absence of Glut-1 expression showed a trend toward improved PMS (P = 0.068; Fig. 2 ).
DISCUSSION
Although only approximately 6% of melanoma patients initially present with stage IV disease, approximately 30-35% of all melanoma patients will eventually develop distant metastatic disease. 6 The current National Comprehensive Cancer Network (NCCN) guideline lists ''clinical trial'' as the preferred mode of therapy for metastatic melanoma, reflecting the lack of a uniformly effective therapeutic regimen for these patients and no consensus on optimal management. 20 Surgery has been advocated for patients with slow-growing tumors, and there is evidence that the degree of metastatic spread and the interval between initial diagnosis and detection of stage IV disease are significantly associated with differential PMS. [8] [9] [10] [11] [12] [13] While the relationship between biology of disease and extent of metastatic spread might be intuitively obvious, how biology of disease affects interval duration remains somewhat enigmatic.
In patients with pulmonary lesions, one of the most wellstudied indicators of tumor biology after surgical resection is TDT. 18 Ollila et al. demonstrated that median survival after pulmonary metastasectomy correlated positively with TDT. 16, 21 Our results confirm the prognostic significance of TDT in patients with pulmonary metastases (Table 2) . A cutoff based on our median TDT of 61 days is in agreement with a previously reported cutoff of 60 days. 16 However, although we found that TDT \ 61 days was significantly associated with poor 5-year PMS (Fig. 1) , measurement of TDT is not always practical because an interval of 2-3 months may be necessary to obtain the serial scans used for accurate calculation of the growth rate of metastatic lesions. In an effort to identify characteristics that can be measured without delaying surgical intervention, we examined several biological factors that can be assessed when stage IV disease is diagnosed and can impact prognosis. We hypothesized that consideration of these factors might be a fast and accurate means of determining the operability of metastases.
We examined the individual components of tumor growth kinetics that might determine clinical TDT, which is mainly a net result of tumor cell division minus tumor cell loss. The factors that can contribute to tumor growth include cellular proliferative rate and vascularity of the tumor, which enables the delivery of adequate nutrients. Therefore we examined the expression of Ki-67 and CD31 (as a measure of MVD) within the tumor. Ki-67 is a nuclear antigen present only in the nuclei of proliferating cells, and there are good correlations between Ki-67 and S-phase indices by flow cytometry. 22, 23 Conversely, the factors that can contribute to tumor shrinkage include apoptotic and necrotic cell death. Caspase-3 is one of the effector caspases and is responsible for most of the cleavages that disassemble the cell in the process of apoptosis. 24 We found no significant relationship between necrosis, Ki-67 or caspase-3 expression and either TDT (data not shown) or survival. A larger sample size might be required to determine the relationships between these factors and tumor growth kinetics.
In our analyses of the biological correlates, a strong negative relationship was found between Glut-1 expression 
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FIG. 2 Impact of Glut-1 expression on 5-year postmetastasectomy survival (PMS)
. Qualitative analysis show that absence of Glut-1 expression showed a trend towards better 5-year PMS (hazard ratio, 0.39; 95% CI, 0.14-1.07; P = 0.068). Median PMS was 10.8 months for positive Glut-1 expression versus 30.0 months for negative Glut-1 expression level and PMS. Since we were interested in the biological factors that might impact TDT and/or PMS, instead of just looking at the median numbers as the cutoff points (which is somewhat arbitrary), we wanted to see if the qualitative expression (positive versus negative) of Glut-1 was important. The qualitative analysis showed a difference with P-value of 0.068 (Fig. 2) . A larger sample size may have been needed to show statistical significance when analyzed this way. Glut-1 is one of the glucose transporter proteins that account for increased glucose influx in malignant tissues. 25 Malignant cells exhibit altered metabolic patterns characterized by increased reliance on anaerobic metabolism of glucose to lactic acid even in the presence of abundant oxygen. Inherent inefficiency of the anaerobic metabolic pathway is compensated for by increased glucose flux, a phenomenon first noted by Otto Warburg approximately 80 years ago. 26 The potential role of glycolytic phenotype in facilitating tumor invasion has been investigated through mathematical models of the tumor-host interface. 27, 28 Interestingly, although we initially expected that increased angiogenic milieu would favor tumor growth and therefore result in worse outcome, our data show that CD31 expression, a measure of MVD within the tumor microenvironment, favorably influenced PMS. It is possible that tumor cells are so dependent on glycolytic pathway that additional oxygen may not necessarily benefit their survival. By using the median value as the cutoff point, CD31 expression was associated with an HR of 0.147 (Table 2) , arguing against antiangiogenic therapy for melanoma pulmonary metastases. What is evident from our data is that Glut-1 expression level may be the driving force behind tumor proliferation and subsequently results in decreased TDT. Various associations between Glut-1 expression and tumor aggressiveness have been demonstrated in a number of other malignancies. 29 Although many studies have shown that the number of pulmonary metastases adversely impacts outcome, our data could not confirm those findings, most likely due to a small sample size.
Our data show that patients with TDT \ 61 days or positive Glut-1 expression had median PMS times of 8.7 and 10.7 months, respectively. Given the reported median survival of 7.3 months for patients who develop pulmonary metastasis, performing pulmonary metastasectomy on patients with TDT \ 61 days and/or high Glut-1 expression does not seem to significantly increase survival. 8 On the other hand, patients with TDT C 61 days or low Glut-1 expression showed significantly higher median PMS. Given the significant toxicities of currently available systemic therapies, surgical resection may represent a better option for these patients. Not surprisingly, the median TDTs for the TDT \ 61 days group and the TDT C 61 days group were 47 and 79 days, respectively (P \ 0.001). It is probable that the difference in survival may be partly due to difference in TDTs. However, assuming exponential growths of the tumors, the biggest clinical impact of any given doubling cycle will be seen when the lesion is macroscopically detectable. For example, when a tumor is 0.1 mm in size, one or two tumor doubling cycles will most likely not have any significant clinical impact. However, if the tumor is 3 cm in size, then one or two doubling cycles can have a significant clinical impact. Therefore, even if metastasectomy does not impact directly on the biology of the disease, by removing these larger lesions, we can provide these patients with significant clinical benefit. TDT can be calculated by using measurements obtained from serial chest X-rays or computed tomographic scans. Although Glut-1 expression cannot be measured noninvasively, perhaps tissue from a diagnostic biopsy can be analyzed for Glut-1 expression. If biopsied tissue is not available, then as a radiographic surrogate for Glut-1 expression, 18 F-fluorodeoxyglucose positron emission tomography (FDG-PET) can be used for clinical evaluation and quantitation of glycolytic phenotype. Minn et al. have already shown that standardized uptake value (SUV), a quantitative index for FDG uptake in PET studies, can be predictive of differential prognosis in patients with head and neck squamous cell carcinoma. 30 In addition, Burt et al., using an animal model, have shown that PET SUVs correlated directly (r = 0.82) with the tumor volume doubling time. 31 A recent study by Reidl et al. demonstrates that SUV can correlate with Glut-1 levels and with tumor aggressive behavior. 32 Perhaps TDT and Glut-1 expression might help determine a patient's candidacy for postoperative adjuvant therapy as well. While the role of quantitative FDG-PET in determining operability of the metastatic melanoma is yet to be determined, our data provide reasonable evidence to pursue such study. In addition, our data provide evidence to pursue a larger surgical therapeutic trial for melanoma patients with resectable pulmonary metastasis.
